This paper proposes a method of stormwater inflow prediction using radar rainfall data as the input of the prediction model constructed by system identification. The aim of the proposal is to construct a compact system by reducing the dimension of the input data. In this paper, Principal Component Analysis (PCA), which is widely used as a statistical method for data analysis and compression, is applied to pre-processing radar rainfall data. Then we evaluate the proposed method using the radar rainfall data and the inflow data acquired in a certain combined sewer system. This study reveals that a few principal components of radar rainfall data can be appropriate as the input variables to storm water inflow prediction model. Consequently, we have established a procedure for the stormwater prediction method using a few principal components of radar rainfall data.
INTRODUCTION
Stormwater inflow prediction plays an important role in decision support systems and/or control systems installed in pumping stations or sewerage treatment stations, since sudden rainfall and rapid runoff often bother operators and managers in highly urbanized drainage areas. Pumping Operation Support Systems (POSS), which allows real-time prediction of stormwater inflow by using a technique such as rainfall-runoff analysis and provides the operators with information for supporting pump control such as starting time or the number of pumps to run, have begun to be installed, (Yamada et al., 1999) .
Recently, the data driven approach has attracted a lot of attention for prediction, diagnosis and control for any type of plant that has an acquisition system. One of the main reasons is the efficient use of historical data. Moreover, thanks to the well-developed systematic approach to handle the real data, such as system identification, multivariate statistics and intelligent modelling, we can model the behaviour of the process in a systematic way. The data driven approach can certainly be applied to stormwater inflow prediction, since many pumping stations have already installed the data acquisition system. When the stormwater inflow prediction model is developed by the data driven approach, utilizing radar rainfall data as an input will be very promising since scrutinized rainfall information is obtained.
However, direct application of radar rainfall data might cause some problems. Firstly, input variables are too numerous. The more input variables there are, the more complex handling the data for building the model becomes. More importantly, the possibility of the failure of the parameter identification will drastically increase since numerical instability must occur because of strong mutual correlation of input data. This paper proposes a method of stormwater inflow prediction using radar rainfall data as the input in order to solve the above problems. The aim of the proposal is to construct a compact system by reducing the dimension of the input data under the condition that the reduced input data do not lose as much information as possible. In this paper, Principal Component Analysis (PCA) is applied to pre-processing radar rainfall data. PCA is a widely used statistical method for data analysis and compression. PCA also involves a procedure that transforms a number of correlated variables into a smaller number of uncorrelated variables called principal components.
In the rest of the paper, we evaluate the proposed method using the radar rainfall data and the inflow data acquired in a certain combined sewer system. First, PCA of radar rainfall data is performed. Second, the stormwater inflow prediction model is constructed with system identification. Finally, the accuracy of the stormwater inflow prediction model is estimated. Figure 1 illustrates the whole of the system mentioned in this paper. Figure 2 shows the stormwater inflow prediction system using the method proposed in this paper. A prediction model based on the Hammerstein type of nonlinear model is constructed off-line with system identification (Yamanaka et al., 2000) . PCA is performed in order to reduce the number of variables of radar rainfall data. Then the reduced variables are regarded as input variables of the prediction model. The on-line system runs being inputted preprocessed radar rainfall data. The preprocess model is expressed by a matrix which is obtained by PCA. . This is the sketch of urban drainage system targeted in this paper. There are combined sewer system, radar rainfall observation system and POSS involving the stormwater inflow prediction system. . This is the stormwater inflow prediction system proposed in this paper.
METHODS

Structure of the stormwater inflow prediction system
Reduction of the number of input variables by PCA
In this subsection, we propose a method of reduction of the number of variables about radar rainfall into the fewer number of variables by PCA. PCA can derive the underlying information contained in the multivariate data in terms of a relatively small number of latent variables (Wise et al., 1990 , Rosen et al., 2001 .
Let X be a M N × matrix of radar rainfall data for N variables at M number of samples. In this paper, the radar rainfall data are treated as M sampled time-series data. PCA decomposes X as follows:
are column vectors referred to as the scores or the principal component
are column vectors referred to as the loadings or the principal component loadings. A subscript T indicates the transpose of a matrix. i p is an eigenvector of covariance matrix or correlation matrix of data set X . Hereafter, it is supposed that loadings vectors are sorted such that corresponding eigenvalues are in descendent order (i.e. ( 1, , i N = K ), forms an orthogonal basis for the space spanned by X . Each scores vector i t , which is a column vector of T , is the projection of X onto the basis i p as follows:
a liner mapping which maps X onto a fewer dimensional space as follows:
Certainly, there is a gap of information between K T and the original data set X . In order to estimate how much amount of information K T inherits from the original data set X , indices i prop and cprop , referred to as proportion and cumulative proportion respectively, are defined as follows.
In many cases, variables about radar rainfall data are highly correlated. It is expected that fairly a few number of principal components with adequate cprop value can be obtained by PCA
Stormwater inflow prediction based on the Hammerstein model
In this subsection, we describe a stormwater inflow prediction model adopted in this paper. The prediction model is a black box model derived by using only input and output data. The input and the output data are the principal component scores of the radar rainfall data and the corresponding inflow data, respectively. The structure of prediction model is based on the Hammerstein model, which consists of a static nonlinearity followed by a linear transfer function. The advantage of adopting the Hammerstein model is that the model can represent the nonlinear phenomena of the rainfall-runoff process in comparison with linear transfer function models such as Auto Regressive model (AR) and/or Auto Regressive with eXogenous (ARX) model that are usually adopted as a black box model (Yamanaka et al. 2000) . ., i p = }are the unknown parameters that are estimated with system identification methods. 
Evaluation of the proposed method
We evaluate the proposed method using the radar rainfall data and the inflow data acquired in a certain combined sewer system over two years. The characteristics of rainfall events are listed in Table1. The sewer system has two main pipes of about 12 km length, one main pumping station and three subaltern pumping stations. The relevant area is 2,000 ha. The radar rainfall observation system resolves the region into 250 m mesh. About 400 meshes cover the region. The rainfall intensity data of all meshes can be obtained every minute. The 22 meshes that are distributed in the well-balanced locations are picked up among 400 meshes. The 22 variables concerning the 22 meshes are prepared as input to the proposed system. 
RESULTS AND DISCUSSION
The results of PCA for the for stormwater inflow prediction model Here, we estimate the appropriate number of principal components of radar rainfall data for stormwater inflow prediction model. As to the amount of information of principal components for the validation events, Figure 4 shows the followings:
• The proportion corresponding to the first principal component is more than 80 % • Up to the second principal component, the cumulative proportion is more than 90 %.
• Up to the third principal component, the cumulative proportion is more than 95 %. In general, 80% in the cumulative proportion is a criterion for the number of principal components to be picked up. However, we will try to delve into the principal components. In order to analyze the relationship between the variables, it is useful to plot the loadings such as Figure 5 . Figure According to the above 3 points, we presume that up to the second principal component, they are approximately time-invariant. As the result, if we construct the preprocess model out of the first principal component and the second one, the variation of the preprocess model can be repressed and the accuracy of the stormwater inflow prediction is improved.
The accuracy of the stormwater inflow prediction model by the proposed method Figure 6 shows results of stormwater inflow prediction into the main pumping station by the proposed method. The input is the first principal component and the second one. As to the accuracy, mean square error of 10 minutes ahead prediction is almost equal to a volume of dry weather inflow. Maximum error is almost within the 700 m 3 /minute that is equal to the volume corresponding to the outflow volume of one pump. Therefore it is confirmed that the proposed method has a practical accuracy for stormwater inflow prediction. Figure 6 . This is show the results of stormwater inflow prediction using the first principal component and second one as the input. 
CONCLUSIONS
In this paper, we have proposed a method of stormwater inflow prediction using radar rainfall data as the input of the prediction model constructed with system identification. In order to construct a compact system by reducing the dimension of the input data, PCA was applied to pre-processing radar rainfall data.
Then we have evaluated the proposed method using the radar rainfall data and the inflow data acquired in a certain combined sewer system. The results of evaluation are followings:
• Significantly fewer number of principal components than the dimension of the original data can represent rainfall information, which the original variables have.
• A procedure to select the number of the principal components for the stormwater inflow prediction is established.
• In practice, the proposed method can predict stormwater inflow so accurately that the error of 10 minutes ahead prediction corresponds to the outflow volume of one pump.
